Heavily carbon-doped In 0.53 Ga 0.47 As on InP (001) substrate grown by solid source molecular beam epitaxy J. Vac. Sci. Technol. B 17, 1190 (1999 The effect of thermal annealing on the net donor concentration and diffusion of Si in In 0.53 Ga 0.47 As is compared for electrically active layers formed by ion implantation versus molecular beam epitaxy (MBE). Upon thermal treatment at temperatures of 700 C or higher for 10 min, both ion implanted and growth-doped substrates converge to a common net donor solubility. These results indicate that while MBE doped substrates typically exhibit higher active concentrations relative to implanted substrates, the higher active Si concentrations from MBE growth are metastable and susceptible to deactivation upon subsequent thermal treatments after growth. Active Si doping concentrations in MBE doped material and ion-implanted materials are shown to converge toward a fixed net donor solubility limit of 1.4 Â 10 19 cm
I. INTRODUCTION
There is a great deal of interest in using III-V materials and, in particular, InGaAs, for future generations of CMOS devices given the much higher electron mobilities of these materials over Si.
1 One challenge to adoption of these materials in future n-channel devices is the low reported n-type dopant solubilities in InGaAs, which is a significant inhibitor to the creation of low resistance source/drain regions and ohmic contacts. 2 Reported maximum net donor solubilities of grown-in dopants regularly show higher doping concentrations than are achievable for implanted dopants in III-V materials, leading previous authors to conclude that residual implant damage after activating anneals was the likely reason for reduced net donor solubility from implants relative to grown in dopants. [3] [4] [5] [6] However, more recent studies have called into question the previously advanced theories. 7, 8 Understanding the stability of grown in Si dopants in III-V materials is also technologically relevant due to the desire to integrate III-V transistors with existing Si transistor technologies for system on a chip (SoC) designs that generally require much higher processing temperatures. The goal of these experiments was to directly compare activation and deactivation, as well as the diffusion behavior, for implanted and grown in Si dopants in InGaAs.
II. EXPERIMENT
Two types of substrates were used in this study. Implanted substrates consisted of a nonamorphizing 10 keV, 5 Â 10 14 cm À2 Si þ implant performed at 80 C into 300 nm of metalorganic chemical vapor deposition-grown In 0.53 Ga 0.47 As on semi-insulating InP. Grown in substrates consisted of 380 nm of molecular beam epitaxy (MBE) In 0.53 Ga 0.47 As grown at 490 C on semi-insulating InP with the top 60 nm of the MBE In 0.53 Ga 0.47 As structure being Si doped to a concentration of 7 Â 10 19 cm
À3
. All samples were then encapsulated with 15 nm of Al 2 O 3 by atomic layer deposition at 250 C to protect against surface degradation upon subsequent thermal treatments. Samples of growth-doped and implant-doped substrates of 15 Â 15 mm were annealed side-by-side at 550, 600, 650, 700, and 750 C in Ar ambient in a tube furnace for 10 min. Buffered oxide etch was used to remove the dielectric encapsulant prior to secondary ion mass spectroscopy (SIMS) and electrical characterization with Van der Pauw Hall effect using pressed on indium contacts. C is less pronounced in this work compared with our previous work 9 despite the same implant conditions and annealing times. The discrepancy between these reports is attributed to differences in the measured and actual sample annealing temperatures between the two experiments. This makes absolute comparisons between the two experiments difficult. However, the side-by-side annealing of the MBE and implanted substrates in this work ensures that the postanneal SIMS and measured electrical activation are self-consistent. As such, meaningful comparisons can be made between growth-doped and implant doped samples for given annealing conditions.
III. RESULTS AND DISCUSSION
The observed chemical solubility of Si of 3 Â 10 19 cm
À3
for anneals performed at 750 C on both implant and growth doped substrates is consistent with our recent report 9 of highly concentration dependent diffusion of Si in In 0.53 Ga 0.47 As for concentrations above 3 Â 10 19 cm
. This result suggests that the diffusion mechanism is similar in both the implant doped and growth doped material. Si diffusion in the epitaxially doped substrates is more pronounced for anneals performed at 700 and 750 C than for implanted dopants. The effective diffusivities, which comprised both concentration-dependent and Fickian components of diffusion after annealing at 750 C were calculated from postanneal SIMS and indicate that the total Si diffusivity is approximately eight times higher for epitaxially incorporated Si relative to implanted Si (
These diffusivity values were obtained by implementing a Si III -V III pair model in Florida object oriented process simulator in which concentration effects were accounted for by using Poisson's equation with a net active donor concentration set at 1.4 Â 10 19 cm
and a mobile concentration at 3 Â 10 19 cm
. As-implanted excess vacancy and interstitial profiles were predicted using the transport of ions in matter to account for damage effects in ion implanted samples. Previous work has shown that Si diffusion in InGaAs is heavily concentration dependent 8 and previous studies of concentration dependent Si diffusion in GaAs have shown that substrates with higher background electrically active donor concentrations exhibit higher Si diffusivity. 10, 11 The enhanced diffusivity observed in MBE doped substrates relative to implanted substrates in this study is also consistent with reports of Fermi-level effects on Si diffusion in InGaAs (Ref. 12) as MBE doped substrates exhibit much higher initial active donor concentrations. Figure 3 shows the measured sheet number (N s ). Implanted samples exhibit a steady improvement in N s with increasing anneal temperature while grown-in Si dopants show a decrease in N s upon annealing at temperature up to 650 C. The observed increase in N s for growth-doped substrates annealed at temperatures of 700 C and above can be attributed to diffusion of Si further into the bulk of the material, resulting in an increase in the depth of the electrically active layer as evidenced by the SIMS in Fig. 1 . Postanneal net donor concentrations were calculated from the postanneal SIMS and N s measurements using the methodology described elsewhere, 13, 14 to compare the active donor concentration. Figure  4 shows the calculated net donor solubility as a function of annealing temperature. As-grown, epitaxially doped InGaAs, indicated by the dashed line in Fig. 4 . This level of activation is the same as observed for grown-in electrically active layers after annealing for 10 min at temperatures above 700 C as shown in Fig. 4 , which suggests that annealing at temperatures !700 C is sufficient to recover implant damage and cause the migration of implanted Si onto lattice sites. Despite previous reports generally concluding that the Si solubility in epitaxially doped In 0.53 Ga 0.47 As was higher than that in implanted In 0.53 Ga 0.47 As, the results presented here indicate that the active donor concentration of both implant and grown in doping converge to the same limit of 1.4 Â 10 19 cm À3 after thermal treatments of 700-750 C for 10 min. These anneals are shown to maximize the observed activation in implanted material and are further shown to be sufficient to cause Si diffusion. It is also worth noting that, in all annealing conditions where diffusion is observed, the active donor concentration is considerably less than the mobile chemical concentration, suggesting the presence of mobile, yet inactive or electrically compensated Si in In 0.53 Ga 0.47 As. Ab initio studies of Si dopants in GaAs have concluded that the formation of vacancy defects such as the (V Ga ) 3À or (Si Ga V Ga ) 2À are energetically favorable at high Si concentrations and that Si diffusion likely occurs via a group III vacancy mechanism. 19, 20 The presence of the vacancy defects at high doping levels may help explain the difference between the mobile Si concentration (>3 Â 10 19 cm
) and the active donor concentration (1. 4 V Ga ) 2À complex, such as neutral Si-Si next-nearest neighbor pairs or Si As acceptor type defects, or due to rapid formation and dissolution of dopantdefect complexes in which dopants are mobile only during brief periods when they are uncomplexed.
Mobility (Fig. 5 ) decreases with increasing annealing temperature from 550 to 700 C in the case of implanted material as expected from the increase in ionized impurity scattering. In contrast, the mobility of grown in In 0.53 Ga 0.47 As increases with annealing temperature due to a decrease in ionized impurity scattering as the net donor concentration decreases (Fig. 4) . For anneals of 700-750 C, the measured mobility of both growth doped and implant doped materials is shown to be nearly coincident as is expected from the net donor solubilities and subsequent contribution to mobility due to ionized impurity scattering.
Most reports of Si implants in to In 0.53 Ga 0.47 As (Refs. 4, 5, 8, 14, 21, and 22) show active donor concentrations lower than the maximum reported active donor concentration for grown-in dopants, but the reasons for this difference have been mostly speculative. Authors generally suggest that damage created from implantation, or in the case of Si, the amphoteric nature tends to limit the net donor solubility. The results presented in this work suggest that the differences in observed active donor concentrations is simply a result of the differences in processing required to activate dopants in epitaxially grown material versus implant doped material. In the case of epitaxial doping, dopants are incorporated directly onto lattice sites while diffusion of atoms from interstitial sites onto lattice sites is required to achieve activation in the case of nonamorphizing implants. A precipitous drop in activation is observed from the as-grown condition for anneals at 550 and 600 C, with deactivation converging to a constant 1.4 Â 10 19 cm À3 level for anneals above 650 C. This deactivation coincides with the onset of diffusion in the grown-in Si doped layers implying that diffusion of Si results in a fixed active donor concentration of 1.4 Â 10 19 cm
. Similarly, limited Si activation upon diffusion is also seen for the ionimplanted case. The results of this work suggest that the active Si concentration in epitaxially grown In 0.53 Ga 0.47 As is metastable in instances where the incorporated Si concentrations are above 1.4 Â 10 19 cm
. Deactivation of MBE doped Si grown at 490 C was observed after annealing at 550 C for 10 min. This suggests that annealing at temperatures above the growth temperature can result in deactivation. One possible reason for some of the observed variation in reported maximum net donor solubility limits in growth doped material might be the differences in growth temperatures as the results of this work would suggest that lower growth temperatures are expected to show higher active sheet numbers so long as other growth-related issues are avoided. [15] [16] [17] [18] Watanabe et al. observed deactivation of Si in InGaAs to a net active concentration of 1.6 Â 10 19 cm À3 after 10 min anneals at temperatures above 700 C in agreement with the results of this work, but the measured deactivation was attributed to the diffusion of Si into the underlying substrate. 22 We present evidence of deactivation well before the onset of significant diffusion in growth doped In 0.53 Ga 0.47 As, indicating that the resultant deactivation observed by Watanabe et al. cannot be fully explained by diffusion into the underlying substrate. Instead, the resultant deactivation behavior in growth-doped substrates and the common ultimate activation limit are consistent with the formation of electrically compensating native defects as proposed by Walukiewicz, 23, 24 which suggests that the maximum achievable solubility of a given dopant will be intrinsic to the doped material. The application of these results has further implications for understanding the potential effectiveness of the more recently developed monolayer doping technique in III-V materials. Monolayer doping has been used to successfully dope Si into In 0.53 Ga 0.47 As and create very abrupt profiles, but the technology relies on the equilibrium diffusion of dopants from the surface of a material into the bulk. [25] [26] [27] The results presented in this work suggest that it will be difficult to achieve active doping concentrations greater than 1.4 Â 10 19 cm À3 as the compensating mechanisms resulting in limited activation appear to form well before significant diffusion can occur and profiles that show measurable Si diffusion result in limited active donor concentrations of 1.4 Â 10 19 cm À3 regardless of whether dopants were incorporated via ion implantation or during growth. Design of future CMOS devices that integrate Si doped In 0.53 Ga 0.47 As with existing Si and Ge technologies will require careful consideration of the effects that subsequent thermal processing may have on the electrical activation and diffusion of Si. For example, many current techniques of contact formation require high temperature annealing of refractory metals such as Pt, Pd, and Mo to form ohmic contacts which could further deactivate the underlying electrically active layers in asgrown material. [28] [29] [30] [31] 
IV. SUMMARY AND CONCLUSION
In conclusion, it has been shown that subsequent thermal treatment of epitaxially grown Si-doped layers of In 0.53 Ga 0.47 As above the temperatures at which growth occurred results in deactivation toward the same observed maximum net donor concentration of 1.4 Â 10 19 cm À3 for implanted materials, suggesting the presence of a common crystal thermodynamic limit to Si doping in InGaAs substrates. It is also shown that the Si diffusion in heavily doped MBE substrates is higher than that observed in implanted substrates, presumably due to concentration dependent diffusion effects. The concentration dependent diffusion and apparent Si solubility of 3 Â 10 19 cm
À3
, observed for both implanted and MBE substrates, is consistent with the concentration dependent diffusion behavior observed in previous experiments of implanted Si in InGaAs. In order to maintain the increased dopant incorporation afforded by the nonequilibrium incorporation of Si into In 0.53 Ga 0.47 As by epitaxial growth methods, annealing above the growth temperature must be minimized. This result has important implications for the design and production of future CMOS devices where multiple thermal treatments at differing temperatures will be required for processing disparate material types in a single device.
